Abstract. This research deals with the performance and cost assessment of a Kalina cycle integrated with Parabolic-Trough Solar Collectors (PTSC) using advanced exergy and exergoeconomic based methods to identify the improvement potential and the interaction among system components. The exergy destruction rate and the total operating cost within the components are divided into endogenous/exogenous and unavoidable/avoidable parts. Results indicate that the avoidable exergy destruction cost rate ( _ C AV D ) of the entire system is only 29%, of which 32% is related to the components and 68% is due to the interaction between them. Also, the endogenous part of the exergy destruction cost for the entire system is notably high (87%) and the contribution of _ C AV D in the entire system is 32%, of which 68% is related to the endogenous part. Furthermore, 84% of the investment cost rate is associated with endogenous cost rate ( _ Z EN ) and 84% of the avoidable investment cost rate ( _ Z AV D ) is endogenous. It is revealed that the auxiliary heater and PTSC have the highest modi ed improvement potential with values of 66.9% and 59.5%, respectively.
Introduction
In recent decades, the energy demands all over the world have been increasing dramatically and because of the harmful e ects of global warming, the environmental issues have gained importance. Thus, investigating more e cient energy conversion systems, use of renewable energy, and enhancement of the performance and e ciency of existing energy systems have become the priorities. To reach these aims, one of the best strategies is renewable energy conversion by using new e cient cycles, such as Kalina cycle. Kalina cycle was rst presented by Kalina [1] in 1982. This cycle operates by using an ammonia-water mixture as the working uid and because of its low boilingpoint temperature, it can be used as a procreate cycle for using low-temperature heat sources and renewable energy, such as solar energy.
Lately, some research has been allocated to Kalina cycle, employing the low-grade heat source [2] and the geothermal energy [3] [4] [5] [6] [7] [8] , applied as bottoming power cycles [9] [10] [11] and solar energy by integrated at plate solar collectors [12] [13] [14] [15] , PTSCs [16] [17] [18] , compound parabolic collector [19] , and central receiver [20] .
Although exergy analysis is a powerful tool for development, evaluation, and improvement of an energyconversion system, it is not much prevalent among energy practitioners, because of the lack of a formal method in using the outcomes obtained by an exergy analysis, so that a formal method cannot be progressed as long as the interactions among elements of the system are not taken perfectly into account. A conventional exergetic or exergoeconomic analysis cannot appraise the mutual interdependencies among the system elements. It is achievable in an advanced exergetic analysis. The exergy destruction in each element is divided into endogenous and exogenous parts in advanced exergetic analysis. Additional dividing of the exergy destruction in each element to the avoidable and unavoidable parts enables a realistic appraisal of the potential for improvement. Also, the combination of these two splitting approaches lets the designer of an energy system with unambiguous and important detailed data about options to improve the overall e ciency.
In the literature, there are not many papers about advanced exergy and exergoeconomic analyses of power generating systems.
Some research has been allocated to advanced exergetic analysis of gas turbine system [21] [22] [23] , cogeneration system that combines vaporizing lique ed natural gas with the generation of electricity [24, 25] , combined cycle power plant [26] [27] [28] , coal-red power plant [29, 30] , trigeneration system with a diesel-gas engine operating in a refrigerator plant building [31] , ejector refrigeration system [32] , multi-e ect evaporationabsorption heat pump desalination [33] , geothermal power plant [34] , and a ground-source heat pump dryer [35] . Also, some researchers have applied the advanced exergoeconomic analyses to assess the cogeneration system [36, 37] , externally red combined cycle power plant [38] , geothermal power plant [39] , combined cycle power plant [40] , geothermal district heating system [41] , electricity-generating facility with natural gas [42] , multi-e ect evaporation-absorption heat pump desalination [33] , refrigerant natural gas liquefaction processes [43, 44] , building heating system [45] , and Gas Engine Heat Pump (GEHP) for food drying processes [46] .
In this paper, a Kalina power cycle integrated with PTSC is proposed, modeled comprehensively based on Ref. [47] , and analyzed for the rst time using an advanced exergoeconomic analysis method. The improvement potential of the system is determined using the relationships between investment cost rates and exergy destruction cost rate; then, possible approaches are identi ed to determine the reasons of exergy destruction and develop economic parameters of the system.
System description
A schematic diagram of the system is shown in Figure 1 . The system is divided into three subsystems: Kalina cycle, temperature stabilized, and solar collector.
Kalina cycle subsystem
Kalina cycle includes a separator, a turbine, an evaporator, a mixer, a pump, a Low-Temperature (LT) recuperator, a High-Temperature (HT) recuperator, and a condenser. The ammonia-water mixture, which has varying boiling and condensing temperatures, is used as the working uid of this cycle. The ammoniawater mixture is heated in the evaporator by absorbing heat from solar collector subsystem (points 1-2). Then, it enters the separator (point 2). The relatively rich solution of ammonia-water is separated from the liquid phase in a separator and it leaves the separator as saturated vapor (point 3). Afterwards, it passes through the turbine (point 5) and generates power. Saturated liquid of weak solution leaves the separator (point 4) and heats another ow by passing through recuperator (points 4-6). The steam ow (point 5) and liquid ow (point 6) are merged together in mixer to form the ammonia-water basic solution (point 7). After being cooled down in LT recuperator (point 8), the mixture is condensed to liquid phase of ammonia-water (point 9) in the condenser by cooling water (points [19] [20] . Then, it is pumped (point 10) into evaporator after preheating through the LT recuperator (points [10] [11] and HT recuperator (points 11-1).
Temperature stabilized subsystem
Temperature stabilized subsystem includes a thermal storage tank, an auxiliary heater, and a pump. Therminol V P 1 oil is used as the working uid of this cycle because of its stability in high temperature and good heat transfer properties. Therminol V P 1 heats the ammonia-water mixture by passing through the evaporator (points [13] [14] and then it is pumped to the thermal storage tank (point 15). The thermal storage tank is operated to stabilize temperature of the uid when solar radiation is not su cient; in addition, an auxiliary heater is installed as the backup energy source to increase the temperature of the working uid when it, at the outlet of the thermal storage tank (point 12), drops below the allowable temperature to supply the required temperature of uid in the inlet of evaporator (point 13).
Solar collector subsystem
Solar energy collector subsystem includes a pump and the PTSC led. Therminol V P 1, as the working uid, is pumped to collectors (point 18) and it absorbs the solar energy (point 16) to supply the required energy of temperature stabilized subsystem. Table 1 indicates the speci cations and design parameters of solar Kalina power plant. The rst step in the advanced exergy and exergoeconomic analyses is exergy and exergoeconomic analyses. In order to assess the performance of a system from the viewpoint of the second law, it is essential to identifỳ Fuel-Product-Loss' (F-P-L) for each component of the system. The product represents the desired output produced by the component or the overall system. The fuel indicates the resource consumed to create the product and is not necessarily restricted to be an actual fuel such as coal, oil, or natural gas. The losses show the exergy loss from the system. Exergy destruction rate, _ Ex D;k , and exergy e ciency, " k , for each component of the system can be calculated as follows [48] :
where _ Ex F;k and _ Ex P;k are the fuel and product exergy rates, respectively, and _ Ex L;k is the rate of exergy loss for the kth component. _ Ex refers to the sum of the physical and chemical exergy rates. The irreversibility ratio, y D;k , and improvement potential, IP k , of the kth component are de ned as [49] :
Exergy balance for the overall system is:
Exergoeconomic analysis combines exergy analysis and economic principles to provide the system designer or operator with information not available through conventional energy analysis and economic evaluations [48] ; the conventional exergoeconomic equation can be de ned as follows. The cost balance at steady state condition is formulated as follows [50]:
Here, _ C is the cost rate according to inlet and outlet streams, and _ Z is the capital investment and operating and maintenance cost rate for the kth component. In exergy costing, inlet and outlet exergy streams of matter ( _ Ex in,out ), power ( _ W ), and heat transfer ( _ Ex q ) can be written as follows:
Here, c in,out;w;q indicates average costs per unit of exergy in $ kJ 1 for inlet (in), outlet (out), power (w), and energy (q), respectively:
In Eq. (13), r k is relative cost di erence, which expresses the relative increase in the average cost per exergy unit between fuel and product of the component. This di erence is due to the cost rate associated with the investment cost ( _ Z k ) and the cost rate of exergy destruction ( _ C D;k ) [48] . The exergoeconomic factor, f k , is a parameter which expresses the relative importance of a component cost to the cost of exergy destruction and the loss associated with that component.
Advanced exergetic analysis
Irreversibility (entropy generation) limits the e ciency of energy conversion systems. The conventional exergy analysis methods are used to determine irreversibility, but these methods have some shortcomings; for example, in these methods, the reasons of irreversibility cannot be de ned. Similarly, exergoeconomic methods combine the exergetic and economic parameters with each other to de ne the fuel, product, and destruction costs of the system. However, they do not enable us to show the relations between the economic parameters; therefore, advanced exergy based analyses should be applied to eliminate these de ciencies with high-certainty information that cannot be obtained by other approaches. In an advanced exergy analysis, the exergy destruction rate is divided into four parts: endogenous, exogenous, avoidable, and unavoidable exergy destruction rates. The exergy destruction of the kth component depends on the exergy destructions associated with the irreversibility of the same component and also on the irreversibility of other components. The endogenous ( _ Ex EN D;k ) exergy destruction rate occurs within the kth component when it operates with its current e ciency and the remaining system components operate in an ideal way.
The exogenous exergy destruction rate ( _ Ex EX D;k )
within the kth component is de ned as the irreversibility that occurs in other components and is obtained as the di erence between real and endogenous exergy destruction of the kth component. This splitting enables engineers to decide to consider whether the component or other system components in order to attain e ective improvement in the overall performance:
In more detail, the exergy destruction rate can be divided to the avoidable and unavoidable parts related to the system improvement potential. The exergy destruction that cannot be decreased due to today's technological constraints, such as availability and cost of materials, is the unavoidable ( _ Ex UN D;k ) part of the exergy destruction. The avoidable ( _ Ex AV D;k ) part of the exergy destruction represents the improvement potential concept and is calculated as the di erence between real and unavoidable exergy destruction of the kth component:
The can be reduced using a structural improvement in the remaining components and the kth component.
Advanced exergoeconomic analysis
In addition to the exergy destruction rate, the concepts of endogenous, exogenous, avoidable, and unavoidable parts can be applied to the investment cost and the exergy destruction cost rate. The endogenous and exogenous concepts are in uenced by the internal operating speci cations and the interactions between components, respectively.
The endogenous and exogenous cost rates of exergy destruction ( _ C EN D;k and _ C EX D;k ) that are associated with the kth component are expressed as:
where c f;k expresses the fuel cost per exergy unit of the kth component. Also, depending on whether the exergy destruction costs can be avoided or not, it is split into avoidable and unavoidable parts that can be presented as follows:
The avoidable and unavoidable cost rates of exergy destruction are split into endogenous and exogenous parts, which are calculated by the following equations: 
The unavoidable investment cost ow rates ( _ Z UN ) for turbine and pumps are assumed 90% and 60% of their capital investment costs, respectively, and for other components are calculated as follows [52] :
where PEC UN k is the purchased equipment cost of the kth component, associated with the unavoidable conditions that are explained in Table 5 [52]. In addition, the values of _ Z UN for turbine and pumps are assumed 90% and 60% of their capital investment costs, respectively, and for other components are calculated as follows:
Theavoidable investment cost ow rate _ Z AV k is determined by subtracting the unavoidable investment cost ow from the real investment cost ow rate [31] :
Similarly, the exogenous investment cost ow rate is the di erence between the real investment cost and the endogenous exergy cost ow rate [53]:
In addition, the exogenous parts of the investment cost and exergy destruction cost can be divided into the avoidable/unavoidable and endogenous/exogenous parts; these parameters are presented in the following [52]: 
Also, the modi ed exergoeconomic factor (f AV;EN k ) is de ned as the major cost source associated with the component of the system, and is determined as follows [41] :
Another parameter that determines the percentage of the avoidable endogenous part the current technological and economic environment is the total cost-savings potential (p k ), which is de ned as follows [41] :
Validation
The Kalina cycle of the present work is taken from the investigation of Ogrisecks [54] for validation purposes. The relative di erences among the eight properties of the present work and reference investigation are calculated for each point of the cycle. These properties are temperature, pressure, quality, ammonia concentration, enthalpy, entropy, volume, and mass rates. The maximum average relative di erence between all properties is determined by about 6.78%. In addition, the variation of cycle thermal e ciency with the turbine inlet temperature is compared with the available data of the reference work. As shown in Figure 2 , there is a good agreement between the results. Also, for this graph, the normalized root mean squared error is calculated 16% that indicates the reasonable agreement. The thermodynamic properties in Reference work [54] are taken from the software EB-SILON Professional, Version 7.01 Beta-Release, from Evonik Energy Services GmbH while the properties of the present work are calculated using the EES software.
Results and discussion
In this section, the conventional exergoeconomic analysis of a Kalina cycle integrated with PTSCs is carried out to obtain the exergoeconomic parameters for each component. It is assumed that the system is located in Semnan City (35.917 N, 53 .917 E), Iran. System modeling is conducted based on maximum daily insolation incident on horizontal surface, which occurs on June 29 at 12:00. According to conventional exergoeconomic analysis, the exergoeconomic factor indicates the relationship between the energy e ciencies and the capital investment costs of the equipment. A low exergoeconomic factor indicates that e ciency improvement of the component should be considered by increasing the capital investment and its performance can be signally improved by capital investment into highly e cient design. Table 2 indicates the major exergy and exergoeconomic parameters for each component of the solar Kalina cycle. The largest value of exergoeconomic factor f belongs to PTSC (100%), in which the IP is maximum value among all components (9540 kW), indicating that the cost saving in the entire system cannot be achieved by improving the PTSC e ciency. Also, the PTSC has the highest value of exergy destruction rate (9540 kW), because solar energy with high quality heats a uid with low temperature and the heat transfer at large temperature di erences increases the irreversibility in it. Hence, attempt should be made to reduce this exergy destruction rate. However, there are many material constraints that play an important role in construction and operation condition. The second most important component in the exergoeconomic analysis of the solar Kalina cycle is evaporator because of its high value of cost rate ( _ C D;k + _ Z k ); also, the value of exergoeconomic factor f for the evaporator is very low, about 11.01%, which is due to the high cost rate of exergy destruction in the evaporator. Therefore, e ciency improvement of this component should be considered by increasing the capital investment, and its performance can be signally improved by capital investment into highly e cient design. In addition, the relative cost di erence has an in uential role in optimization and evaluation of the system component and depicts the relative growth in the exergy product cost of a component according to its fuel exergy cost. The PTSC has in nite relative cost di erence r and the separator and mixer have the minimum ones (0 and 0.0051, respectively). The prices for the exergy rate in a component are described with the product and fuel exergy cost values. Pump 2 has the maximum product cost rate (552.8 $ MJ 1 ), and the auxiliary heater has the minimum product cost rate (19 $ MJ 1 ). Pumps have the maximum fuel cost rate (165 $ MJ 1 ) and the PTSC has zero value of fuel cost rate. Table 2 shows the detailed results of the conventional exergy and exergoeconomic study. The results of the advanced exergetic and exergoeconomic analyses of the system may be listed as follows.
Advanced exergy analysis
The advanced exergy analysis is carried out based on the assumptions listed in Table 3 . Table 4 shows the results of the advanced exergetic analysis for the Kalina cycle. For the better analysis of the system, we should focus on the avoidable exergy destruction instead of total exergy destruction; because we cannot reduce the unavoidable exergy destruction. Since the operation of any component is dependent on the other ones, it is important to know how improvement of one component will a ect the other component. Therefore, the values of endogenous and exogenous exergy destruction should be compared for each component.
However, for the auxiliary heater, the value of the exogenous exergy destruction is maximum (4079.95 kW), indicating that the exergy destruction of this component is related to design and operation condition of other components. Also, the exogenous exergy destruction of condenser and thermal storage tank is negative, that con icts with entropy generation theory. Thus, increasing the e ciencies of the remaining components will not decrease exogenous exergy destruction, but actually increases it. The PTSC is the component that should be improved rst, because the endogenous exergy destruction of the PTSC is higher than its exogenous exergy destruction; also, the value of its endogenous avoidable exergy destruction (947.75 kW) is the highest among all components; in order to reduce the PTSC exergy destruction rate, is also high (129.6 kW). Therefore, the total exergy destruction rate of the evaporator can be decreased through improvement in both the evaporator itself and other components. The condenser and auxiliary heater are the fth and sixth components that should be focused for improvement, which have 18.3 kW and 16.8 kW endogenous avoidable exergy destruction values, respectively; also, as indicated, the highest exogenous avoidable exergy destruction is due to the auxiliary heater (4079.95 kW). Thus, its total exergy destruction can be reduced signi cantly through improvement in the remaining components.
Advanced exergoeconomic analysis
Through an advanced exergoeconomic analysis, we can provide additional information for the conventional exergoeconomic analysis to improve design and operation of the system. The results of advanced exergoeconomic analysis are summarized in Table 5 . It shows that, except for the auxiliary heater, the endogenous exergy destruction cost rates are greater than the exogenous exergy destruction cost rates of the components. This result indicates that the interactions among components do not a ect the cost of exergy destruction signi cantly. In addition, the auxiliary heater is more a ected by the other components; therefore, by decreasing the exergy destruction of the other components, we can reduce the exergy destruction costs of these components.
It can be seen in Table 5 that the exergy de- struction cost of PTSC is zero, which owes to the zero amount of exergy fuel cost. Also, the highest endogenous exergy destruction cost is due to the evaporator (386.72 $ h 1 ), followed by the thermal storage tank (109.87 $ h 1 ), turbine (108.51 $ h 1 ), condenser (69.68 $ h 1 ), and LT recuperator (60.03 $ h 1 ), respectively, which indicates that the exergy destruction cost rates of these components can be reduced by increasing the exergy e ciency of the components. The next conclusion is con rmed by the negative amount of _ C EX D in the condenser (-16.52 $ h 1 ) and thermal storage tank (-38.24 $ h 1 ) that indicates the reversible relation between exergy destruction cost rate of these components and e ciency of other components. It is clearly observed that the values of _ C AV D in the LT recuperator, evaporator, and turbine are more than those in other components that signi es the improvement potentials of these components, while the unavoidable part of exergy destruction cost rates of evaporator, thermal storage tank, and condenser are in high level.
The economic improvement potential of elements is determined by evaluation of their avoidable endogenous exergy destruction cost rates. In this study, the highest value of _ C AV;EN D is of the turbine (85.81 $ h 1 ), followed by LT recuperator (44.17 $ h 1 ), and thermal storage tank (36.81 $ h 1 ). This fact implies that by improving these components, the system exergy destruction cost rate can be reduced signi cantly and the components must be considered themselves, instead of other components. Another parameter in advanced exergoeconomic analyses is the capital investment cost rate. Table 6 displays the breakdown of capital investment cost rate for each element. For the auxiliary heater, _ Z EN is lower than the exogenous one, indicating that the capital investment cost of the auxiliary heater is strongly associated with those of other components; thus, for reduction of investment cost rate of this component, it must be focused on other components. For other components, the endogenous capital investment cost rate has the greatest partition in capital investment cost rate; this fact indicates that in the capital investment cost analysis, the components are more important than the interaction between the components.
The PTSC has the highest value of endogenous capital investment cost rate (649.9 $ h 1 ) followed by turbine (298.75 $ h 1 ) and condenser (154.95 $ h 1 ). The result also shows that the values of unavoidable capital investment cost rate for most components are higher than their avoidable capital investment cost rates because of the technology cost limitation.
The PTSC, turbine, and condenser have the greatest contribution to _ Z UN with the values of 682.91, 272.61, and 72.04 $ h 1 , respectively; also, the highest amounts of avoidable capital investment cost rate are associated with the PTSC (146.2 $ h 1 ) and condenser (82.8 $ h 1 ), indicating the improvement potential concept of these components. It is clearly observed that the rst component that should be considered is PTSC, because it is the highest among other components (114.6 $ h 1 ), although its _ Z UN is huge. Therefore, it has important role to reduce the capital investment cost of the system. The second important component in advanced capital investment cost analyses is the condenser of which the most capital investment cost rate is associated with the endogenous one. The next component that has appropriate _ Z AV;EN is turbine, the value of which is equal to 29.9 $ h 1 . Also, _ Z AV;EX of the PTSC and auxiliary heater has the highest level among other components, indicating that by improving the performance of other components, the capital investment cost of these components can decrease signi cantly. Figures 3-5 reveal the results of advanced exergetic analyses for the entire system. As shown in Figure 3 , the highest rate of exergy destruction is of endogenous exergy destruction (64%), which demonstrates that the interactions of the system components have not trenchant in uence on the exergy destruction of the entire system. Also, as Figure 4 displays, the improvement potential of the system, i.e. _ C AV of the entire system, is only 29% because of economic and technological limitations. According to Figure 5 , 32% of this improvement potential is related to the components and 68% is due to the interaction among the components.
Figures 6-8 present the result of advanced exergoeconomic study of the entire system. Based on Figure 6 , only 13% of the exergy destruction cost rates owe to the interactions of the components and 87% of exergy destruction cost rate belongs to the endogenous part of the exergy destruction cost rates.
Also, as shown in Figure 7 , the contribution of _ C AV to the entire exergy destruction cost rates of the system is 32%, of which 68% is related to the avoidable endogenous part of the component and 32% is associated with the interactions of the components with the exergy destruction cost rate. As demonstrated in Figure 9 , the component interactions have small contribution to the investment cost rates, so that 84% of the investment cost rates are associated with endogenous cost. Also, according to Figures 10 and 11 , _ Z AV is only 21%, of which 84% is endogenous; Figure 11 indicates that endogenous avoidable investment cost rates of the system are higher than its exogenous part. 
Conclusions
This study conducted the advanced exergoeconomic study for a Kalina system integrated with PTSC. The major conclusions drawn from the examined system indicate that the avoidable endogenous part of the entire system, regarding energy saving, is only 32%, which means that component interactions are relatively high. Thus, the plant should be primarily improved by modifying the interaction operation of components. In addition, the avoidable endogenous of the system for the exergetic cost rate is more than its improvement potential for the investment cost rate. The major components for reduction of exergy destruction rate are PTSC, thermal storage tank, and turbine, respectively, while turbine, LP recuperator, and evaporator, respectively, with high levels of _ C AV;EN D should be considered from the cost saving viewpoint. Furthermore, the improvement potential of PTSC, condenser, and turbine, respectively, must be considered to decrease capital investment cost rates. This means that if the cost and energy saving is important at the start of the project, PTSC should be considered, while during the operation of the plant, the turbine should be considered from the cost saving viewpoint. 
